In Caenorhabditis elegans, fertilization triggers endocytosis and rapid turnover of maternal surface membrane proteins in lysosomes, although the precise mechanism of this inducible endocytosis is unknown. We found that high levels of K63-linked ubiquitin chains transiently accumulated on endosomes upon fertilization. Endocytosis and the endosomal accumulation of ubiquitin were both regulated downstream of the anaphase-promoting complex, which drives the oocyte's meiotic cell cycle after fertilization. The clearance of maternal membrane proteins and the accumulation of K63-linked ubiquitin on endosomes depended on UBC-13 and UEV-1, which function as an E2 complex that specifically mediates chain elongation of K63-linked polyubiquitin. CAV-1-GFP, an endocytic cargo protein, was modified with K63-linked polyubiquitin in a UBC-13/UEV-1-dependent manner. In ubc-13 or uev-1 mutants, CAV-1-GFP and other membrane proteins were internalized from the plasma membrane normally after fertilization. However, they were not efficiently targeted to the multivesicular body (MVB) pathway but recycled to the cell surface. Our results suggest that UBC-13-dependent K63-linked ubiquitylation is required for proper MVB sorting rather than for internalization. These results also demonstrate a developmentally controlled function of K63-linked ubiquitylation.
INTRODUCTION
The oocyte-to-zygote (embryo) transition is the process by which oocytes transform to totipotent zygotes. It is one of the most dramatic examples of cellular remodeling in animals, and the active degradation of pre-existing materials is an essential part of this transition Sato and Sato, 2013) . The importance of the ubiquitin-proteasome system in this process has been established. Some oocyte meiotic proteins are harmful for mitosis, and they must be degraded by the proteasome for normal mitotic cell division (Bowerman and Kurz, 2006) . The proteasome also mediates the degradation of germ cell-specific proteins in somatic lineages, starting as early as the two-cell-stage embryo (Spike and Strome, 2003) . Additionally, autophagy is induced upon sperm entry to deliver paternal (allogeneic) organelles, including mitochondria and membranous organelles (MOs), to the lysosomes for degradation (allophagy) (Sato and Sato, 2011; Al Rawi et al., 2011) . We have previously shown that endocytosis is highly upregulated during this period, leading to the rapid turnover of maternal plasma membrane (PM) proteins in Caenorhabditis elegans embryos Sato and Sato, 2013) . This was first visualized by using CAV-1 (a worm caveolin homolog) fused with GFP (CAV-1-GFP) . In oocytes, CAV-1-GFP accumulates on cortical granules (CGs). Shortly after fertilization, CAV-1-GFP is delivered to the PM by CG exocytosis. CAV-1-GFP targeted to the PM is then quickly endocytosed and degraded in lysosomes before the first mitotic division. In addition to CAV-1-GFP, several maternal membrane proteins, including the yolk receptor RME-2 and the putative sperm receptor EGG-1, are downregulated with a similar time course (Kadandale et al., 2005; Audhya et al., 2007; Balklava et al., 2007) . The degradation of maternal membrane proteins is a selective process because GFP fusions of SNB-1 (a synaptobrevin homolog) and SYN-4 (a syntaxin1 homolog), which also localize to the PM of fertilized embryos, are not degraded (Sato et al., 2008) .
Ubiquitylation is a post-translational modification involved in proteasomal degradation and various other cellular processes, including endocytosis. Proteins can be modified with a single ubiquitin molecule or a chain of ubiquitins, which are linked through one of the seven lysine residues or the N-terminus of ubiquitin. The diverse types of ubiquitin modifications are thought to have specific functions. Among them, K63-linked polyubiquitylation is involved in DNA repair, various signaling pathways and the endocytosis of membrane proteins (Pickart and Fushman, 2004; Kerscher et al., 2006; Mukhopadhyay and Riezman, 2007) . K63-and K48-linked ubiquitylation are induced on paternal MOs in worm embryos before allophagy (Sato and Sato, 2011; Al Rawi et al., 2011) . Ubiquitylation is mediated by the sequential action of ubiquitin-activating enzymes (Uba or E1), ubiquitin-conjugating enzymes (Ubc or E2), and ubiquitin ligases (E3) (Kerscher et al., 2006) . Substrate recognition largely depends on E3 enzymes, whereas E2 enzymes determine the topology of the ubiquitin modification. Some E2 enzymes mediate the attachment of the first ubiquitin to the lysine residues of the target protein (chain initiation), and others mediate further chain elongation (Ye and Rape, 2009 ). To date, Ubc13 is the only E2 shown to specifically mediate the elongation of K63-linked polyubiquitin chains. Ubc13 functions in a dimeric complex with the non-catalytic E2 variant Uev1A or Mms2 (Hofmann and Pickart, 1999; Deng et al., 2000; Eddins et al., 2006) . In mice, knockout of Ubc13 results in early embryonic lethality, and conditional knockout in myeloid cells or heterozygosity produces defects in the immune response and hematopoiesis (Yamamoto et al., 2006; Fukushima et al., 2007; Wu et al., 2009 ). In C. elegans, UEV-1 is involved in the trafficking of glutamate receptor GLR-1 in neurons (Kramer et al., 2010) . However, our understanding of the physiological roles of K63-linked ubiquitylation in animals is still limited.
Ubiquitylation can regulate different steps of endocytosis (Mukhopadhyay and Riezman, 2007; Traub and Lukacs, 2007; Lauwers et al., 2010 to be required for internalization from the PM (Mukhopadhyay and Riezman, 2007; Traub and Lukacs, 2007) . Ubiquitylation is also involved in subsequent cargo sorting at late endosomes, alternatively called multivesicular bodies (MVBs). Membrane proteins destined for degradation are sorted into intraluminal vesicles (ILVs) at the endosomal membrane; the resulting MVBs then fuse with lysosomes for the degradation of their contents. ILV formation and cargo sorting are mediated by the endosomal sorting complex required for transport (ESCRT) machinery (Raiborg and Stenmark, 2009) . Previous studies indicate that K63-linked polyubiquitylation of cargo proteins specifically functions as an ESCRT-dependent sorting signal to ILVs rather than as an internalization signal (Huang et al., 2006; Barriere et al., 2007; Lauwers et al., 2010; Erpapazoglou et al., 2012) , although other reports suggest that multiple or even single monoubiquitylation is sufficient for MVB sorting (Stringer and Piper, 2011) . Thus, the exact role of K63-linked ubiquitylation in endocytic processes remains controversial.
In this study, we show that K63-linked ubiquitylation is strongly induced upon fertilization. K63-linked ubiquitin chains transiently accumulate on the endosomes of one-cell-stage embryos. This process is regulated in C. elegans by UBC-13 and UEV-1 and by cell cycle progression after fertilization. In ubc-13 and uev-1 mutants, maternal membrane proteins are internalized from the PM but are inefficiently targeted to lysosomes, suggesting that K63-linked ubiquitylation is required for efficient MVB sorting rather than for internalization from the PM. These results also demonstrate a new physiological function of K63-linked ubiquitylation during animal development.
RESULTS

Fertilization induces transient accumulation of K63-linked ubiquitin chains on endosomes
Degradative endocytosis is highly upregulated in the one-cell-stage embryo . Because ubiquitylation was reported to be involved in endocytic uptake and sorting into the MVB pathway, we hypothesized that the intracellular ubiquitylation state is dynamically regulated in early embryos. To test this, oocytes and embryos were stained with an anti-ubiquitin antibody that recognizes ubiquitin conjugated to proteins but not free ubiquitin (FK2). In C. elegans, oocytes temporarily arrest in prophase of meiosis I. After fertilization, the oocytes complete meiosis I and II, and the first mitotic division takes place ~65 minutes after fertilization (supplementary material Fig. S1A ) (McCarter et al., 1999) . CAV-1-GFP on CGs is exocytosed during anaphase I and then rapidly internalized in meiosis II . In growing oocytes, weak ubiquitin signals were observed in nuclei and several small puncta (supplementary material Fig. S1B ). During ovulation, oocytes showed transient weak staining for ubiquitin on small cortical puncta, presumably cortical endosomes (supplementary material Fig. S1B , −1 oocyte). By contrast, in the early one-cellstage embryo just after fertilization (metaphase I), strong accumulation of ubiquitin was first detected on sperm-derived MOs, as reported previously (Fig. 1A) (Sato and Sato, 2011; Al Rawi et al., 2011) . MOs are specialized post-Golgi organelles that are destined for autophagic degradation in embryos (L'Hernault, 2006; Sato and Sato, 2011; Al Rawi et al., 2011) . As the cell cycle progressed to meiosis II, a dramatic increase in the ubiquitin signal on cortical puncta and ring-shaped structures was observed in addition to the signal on MOs (Fig. 1B,B′) . This ubiquitin accumulation was transient, and most of the signals on cortical puncta disappeared by the two-cell stage (Fig. 1C) . We also examined the linkage specificity of the ubiquitylation by using anti-K48-and anti-K63-linked polyubiquitin antibodies (Apu2 and Apu3, respectively) (Newton et al., 2008) . Paternal MOs were recognized by both antibodies (Fig. 1A,D) , as previously reported (Sato and Sato, 2011; Al Rawi et al., 2011) . By contrast, the cortical puncta that appeared during meiosis II were stained only with the anti-K63-specific polyubiquitin antibody (Fig. 1B′,E′ ). FK2 and Apu2 also stained the cleavage furrow, but Apu3 did not (Fig. 1F) . Colocalization of ubiquitin staining with GFP-RAB-5, a marker of early endosomes, and with endocytosed CAV-1-GFP ( Fig. 2A,B) confirmed that the cortical structures were endosomes. The ubiquitin-positive endosomes were also positive for GFP-RAB-7, although the GFP-RAB-7 and ubiquitin signals showed a mosaic pattern on the same structures (Fig. 2C ). Apu2 and Apu3 antibodies were pre-absorbed with purified polyubiquitin to verify their linkage-specificity (Newton et al., 2008) . Apu2 staining was specifically inhibited by pre-absorption with K48-linked polyubiquitin (supplementary material Fig. S2A-F ). Apu3 staining of endosomes and MOs was completely abolished by preincubation with K63-linked polyubiquitin; excess K48-linked polyubiquitin partially competed with Apu3 (supplementary material Fig. S2G-N) . These results suggest that Apu3 has a strong affinity for K63-linked polyubiquitin and retains a weak reactivity toward K48-linked polyubiquitin in certain conditions. However, staining of endosomes specifically with Apu3 but not with Apu2 in our conditions strongly suggests that K63-linked ubiquitin accumulates on endosomes. A different anti-K63-linked polyubiquitin antibody (D7A11) also stained CAV-1-GFP-positive endosomes (supplementary material Fig. S3A ). Taken together, these results demonstrate that fertilization triggers massive and temporal accumulation of K63-linked polyubiquitin on endosomes. We do not exclude the possibility that other types of ubiquitin chains also exist on endosomes and MOs. In embryos at late anaphase I, in which endocytic cargo still localized mainly on the PM, staining with anti-ubiquitin (FK2) and anti-K63-linked ubiquitin (Apu3) antibodies was detected on the cell surface (supplementary material Fig. S3B ,C). When cargo accumulated on endosomes in subsequent meiosis II, the ubiquitin staining also accumulated on endosomes and appeared to increase in total intensity. These observations suggest that ubiquitylation starts at the cell surface and progresses to the endosomes during endocytic trafficking.
The degradation of internalized CAV-1-GFP is blocked by knockdown of ESCRT subunit genes such as hgrs-1, a worm Hrs/Vps27 homolog in the ESCRT-0 complex Raiborg and Stenmark, 2009 ). When we knocked down hgrs-1, ubiquitin and endocytosed CAV-1-GFP accumulated on abnormally aggregated endosomes in one-cell-stage embryos and in later-stage embryos ( Fig. 2D ; data not shown). Thus, the degradation of CAV-1-GFP and the clearance of ubiquitin from endosomes depend on a functional MVB pathway. The dynamic nature of the ubiquitylation was confirmed using worms that express GFP-tagged ubiquitin (GFP-Ub) in the germline. GFP-Ub transiently accumulated on cortical puncta and MOs in one-cell-stage embryos (Fig. 2E) . Knockdown of hgrs-1 resulted in the abnormal accumulation of GFP-Ub on endosomes in later-stage embryos (Fig. 2F) .
We also observed changes in the morphology of the endosomes after fertilization. In growing oocytes, GFP-RAB-5 and mRFP-RAB-7 localized on small cortical puncta; their localization only partially overlapped (supplementary material Fig. S4A ,A′). After fertilization, the size of the endosomes increased, and GFP-RAB-5 and mRFP-RAB-7 localized on the same enlarged endosomes, although in a mosaic pattern on the membrane (supplementary material Fig. S4B ,B′).
CAV-1-GFP is ubiquitylated after fertilization
We investigated whether endocytic cargo molecules are directly ubiquitylated after fertilization. First, the mobility of CAV-1-GFP molecules was examined by immunoblotting. In lysates of whole wild-type adults, CAV-1-GFP was detected predominantly as bands of ~63 kDa (Fig. 3A, upper panel) . Knockdown of rab-5 strongly blocked degradation of CAV-1-GFP in embryos, and CAV-1-GFP accumulated in small vesicles . With RNAi of rab-5, the ~63 kDa bands and a high molecular mass species of CAV-1-GFP increased slightly. Because a large amount of CAV-1-GFP accumulates in developing oocytes, most CAV-1-GFP in total worm lysates is thought to be protein derived from oocytes. To detect CAV-1-GFP in embryos specifically, we collected early embryos from gravid adults (one-cell stage to ~100-cell stage). In wild-type embryos, a small amount of CAV-1-GFP was detected, confirming the rapid degradation of CAV-1-GFP (Fig. 3A, lower panel, lane 2) . When the endocytic flow was blocked by rab-5 RNAi, a smear of high-molecular mass species was present on immunoblots of embryo lysates, indicating accumulation of the protein (lane 3). Because CAV-1-GFP contains 34 lysine residues in its cytosolic region, it could be ubiquitylated at multiple sites. In fact, a recent study using mass spectrometry suggested that at least two lysine residues in GFP-CAV-1 are ubiquitylated in embryos (Mayers et al., 2013) . To confirm that the smeared bands corresponded to the ubiquitylated form, CAV-1-GFP was immunoprecipitated from embryo lysates and probed with an anti-ubiquitin antibody (Fig. 3B,  upper panel) . The anti-ubiquitin antibody recognized the smeared bands from rab-5(RNAi) embryos. These species were also recognized by the anti-K63-linked polyubiquitin antibody, but minimally by the anti-K48-linked polyubiquitin antibody, showing that CAV-1-GFP is modified with K63-linked polyubiquitin chains (Fig. 3B, middle panels) . The observation that ubiquitylated cargo accumulates after rab-5 RNAi suggests that ubiquitylation occurs before cargo reaches the early endosomes. This is consistent with morphological observations that ubiquitylation starts at the PM. The results also suggest that CAV-1-GFP is not ubiquitylated in oocytes.
Endocytosis in fertilized embryos is regulated downstream of the meiotic cell cycle CAV-1-GFP is targeted to the PM by CG exocytosis and then endocytosed after fertilization . To monitor endocytosis in fertilized embryos, we looked for other cargo proteins with simpler behavior. We found that chitin synthase CHS-1 is also downregulated by endocytosis in early embryos. CHS-1 is a multispan membrane protein that localizes to the oocyte PM and mediates the synthesis of the chitin layer of the eggshell upon fertilization (Johnston et al., 2010) . CHS-1 is also an important regulator of MBK-2, a master kinase that controls the oocyte-tozygote transition in C. elegans (Maruyama et al., 2007; Johnston and Dennis, 2012) . As reported previously, GFPtagged CHS-1 (GFP-CHS-1) localized to the PM in oocytes and very early embryos but relocalized to cortical punctate structures during meiosis II (Fig. 4A,B) (Maruyama et al., 2007) . Most of the GFP signal disappeared by the two-cell stage, which is very similar to the behavior of CAV-1-GFP in embryos. Knockdown of rab-5 inhibited the degradation of GFP-CHS-1, and GFP-CHS-1 localized on small vesicles dispersed in the cytoplasm (Fig. 4C) . Furthermore, when the MVB pathway was blocked by hgrs-1 RNAi, GFP-CHS-1 accumulated on enlarged vesicles (Fig. 4D ). These results demonstrate that GFP-CHS-1 is endocytosed and downregulated through the MVB pathway, similar to CAV-1-GFP. CG exocytosis is tightly linked to the onset of anaphase in meiosis I and is blocked when the metaphase-to-anaphase transition is inhibited by knockdown of anaphase promoting complex (APC) subunits such as emb-27 . We tested whether the induction of endocytosis also depends on the metaphase-to-anaphase transition by monitoring GFP-CHS-1. Interestingly, the internalization of GFP-CHS-1 from the PM was also strongly blocked by emb-27 RNAi, suggesting that the induction of endocytosis in fertilized embryos is regulated downstream of the meiotic cell cycle (Fig. 4E) . The transient accumulation of GFP-Ub on cortical endosomes was also inhibited by emb-27 RNAi (Fig. 2G) . In contrast to endosomal ubiquitylation, the ubiquitylation on paternal MOs was not inhibited by emb-27 RNAi (Fig. 2G, arrowhead) .
Sorting of maternal membrane proteins to the MVB pathway is defective in uev-1 and ubc-13 mutants
To identify factors that are involved in the ubiquitylation and degradation of maternal membrane proteins, we screened worm E2 genes by RNAi-mediated knockdown. RNAi of ubc-13 or uev-1 significantly inhibited the degradation of CAV-1-GFP in embryos (supplementary material Fig. S5A ). In these mutants, CAV-1-GFP remained on the PM and endosome-like vesicles in later-stage embryos. Ubc13 forms a complex with E2 variants such as Uev1A and Mms2 and specifically functions in the elongation of K63-linked polyubiquitin chains (Eddins et al., 2006) . A similar defect in CAV-1-GFP degradation was observed in ubc-13(tm3546) and uev-1(ok2610) mutants (Fig. 5A) (Kramer et al., 2010) . CG localization of CAV-1-GFP in oocytes and CG exocytosis were normal in both mutants (supplementary material Fig. S5A ). Growing oocytes accumulate a large amount of yolk by receptor-mediated endocytosis (Grant and Hirsh, 1999) . Neither ubc-13(RNAi) nor uev-1(RNAi) mutants showed defects in yolk uptake, suggesting that the endocytosis and recycling of the yolk receptor in oocytes were not affected (supplementary material Fig. S5B ). The degradation of OMA-1-GFP, which is proteasome dependent, was also normal in ubc-13(RNAi) and uev-1(RNAi) embryos (supplementary material Fig. S5D ) (Spike and Strome, 2003) . As reported previously, ubc-13(tm3546) and uev-1(ok2610) mutants were viable at 20°C (Kramer et al., 2010) . However, they showed partial embryonic lethality at 25°C (61% and 68% lethality for ubc-13(tm3546) and uev-1(ok2610), respectively; n>500). The simultaneous deletion of ubc-13 and uev-1 produced a phenotype nearly identical to the phenotype of each single mutant with respect to CAV-1-GFP accumulation in embryos and viability, supporting the possibility that UBC-13 and UEV-1 function together. The degradation of GFP-CHS-1, GFP-RME-2 and endogenous RME-2 was also inhibited by ubc-13(tm3546) and uev-1(ok2610) mutations ( Fig. 5C ; supplementary material Fig. S5C ; data not shown). Importantly, even in these mutants, most GFP-CHS-1 was internalized, and it accumulated transiently on cortical large endosomes in one-cell-stage embryos as well as in the wild-type embryos, suggesting that the internalization of GFP-CHS-1 is not inhibited in these mutants (Fig. 5B) . However, internalized GFP-CHS-1 appeared on the PM again and stably localized to the PM and small vesicles in the mutant embryos (Fig. 5C ). This observation suggests that internalized molecules are not efficiently targeted to the lysosomes but recycled to the PM.
We also performed an epistasis test of ubc-13 or uev-1 and known endocytic regulators (Fig. 5D ). When rab-5 was knocked down in the ubc-13(tm3546) or uev-1(ok2610) mutant, GFP-CHS-1 accumulated in small vesicles, as in the wild-type background, suggesting that RAB-5 functions upstream of UBC-13 and UEV-1. Knockdown of hgrs-1 in wild-type worms resulted in strong accumulation of GFP-CHS-1 in enlarged endosomes. In double mutants of hgrs-1(RNAi) and ubc-13(tm3546) or uev-1(ok2610), GFP-CHS-1 accumulated on endosomes in the early embryos but appeared on the PM again in the late-stage embryos ( Fig. 5D ; data not shown). This observation suggests that in ubc-13 and uev-1 mutants, cargo molecules are recycled from endosomes to the PM.
Inhibition of K63-linked ubiquitylation in ubc-13 and uev-1 mutants
We examined whether ubc-13 and uev-1 mutations affect the ubiquitylation of cargo molecules. The UBC-13/UEV-1 complex is thought to mediate the elongation of K63-linked polyubiquitin chains but not the initiation of ubiquitylation (Ye and Rape, 2009) . Because the cytoplasmic region of CAV-1-GFP contains many lysine residues, we expected CAV-1-GFP to accumulate in a multiple monoubiquitylated form in the ubc-13 or uev-1 mutant. In uev-1(ok2610) and ubc-13(tm3546) mutant embryos, CAV-1-GFP accumulated to a level comparable with that observed in rab-5(RNAi) embryos, indicating that degradation of CAV-1-GFP was blocked in the mutants (Fig. 3A, lower panel) . However, detection of high molecular mass CAV-1-GFP bands by an anti-ubiquitin antibody was lower in uev-1(ok2610) and ubc-13(tm3546) mutants than in rab-5(RNAi) embryos, suggesting that the number of ubiquitin molecules conjugated to CAV-1-GFP was reduced in the mutants (Fig. 3B, top panel). We also confirmed that the degree of K63-linked ubiquitylation on CAV-1-GFP was greatly reduced in uev-1(ok2610) and ubc-13(tm3546) mutants (Fig. 3B, second panel) . Knockdown of rab-5 in the uev-1 mutant enhanced the accumulation of CAV-1-GFP in embryos (Fig. 3A, lower panel) . Even under this condition, the total level of ubiquitylation was reduced, and the high molecular mass species of CAV-1-GFP were faintly detected by the anti-K63-linked ubiquitin antibody (Fig. 3B, top and second panels) . These results suggest that UBC-13 and UEV-1 regulate the K63-linked ubiquitylation of CAV-1-GFP in embryos. However, we do not exclude the possibility that, in addition to K63-ubiquitin, CAV-1-GFP is modified with other polyubiquitin species, as in the case of endocytic cargo that is modified with mixed polyubiquitin chains of K63 and K11 linkages (Goto et al., 2010) . We also assessed total embryonic lysates with immunoblotting (supplementary material Fig. S5E ). RNAi of rab-5 caused proteins modified with K63-linked ubiquitin chains to accumulate, showing that inhibition of endocytic flow results in the bulk accumulation of K63-linked polyubiquitin (supplementary material Fig. S5E ). The total reactivity of the anti-K63-linked ubiquitin antibody was reduced in uev-1(ok2610) and ubc-13(tm3546) mutants, and simultaneous depletion of uev-1 and rab-5 prevented the increase in K63-linked ubiquitylation observed with rab-5 RNAi. Little effect on K48-linked ubiquitin was observed in these strains, although a band of ~200 kDa disappeared as a result of rab-5 RNAi.
We further examined whether uev-1 or ubc-13 mutation affects the transient accumulation of ubiquitin on endosomes (Fig. 6 ). In the wild-type embryos, the maximum level of anti-ubiquitin staining was observed on cortical endosomes that transiently accumulate endocytic cargo such as GFP-CHS-1 (Fig. 6A) . In uev-1(ok2610) mutant embryos at this stage, the intensity of anti-ubiquitin staining on endosomes was reduced to ~30% of the staining in wild-type embryos (Fig. 6B) . This is consistent with the model in which cargo molecules are (multiply) monoubiquitylated in ubc-13 or uev-1 mutants. The intensity of GFP-CHS-1 fluorescence on cortical endosomes was not affected by the uev-1(ok2610) mutation, confirming that the internalization of GFP-CHS-1 is almost normal. The anti-K63-linked ubiquitin staining on endosomes was also reduced in uev-1(ok2610) mutant embryos, although the staining was not completely abolished (Fig. 6H) . Similar results were obtained using ubc-13(tm3546) mutant embryos (data not shown). The antibody may weakly react with other polyubiquitin species, and we cannot exclude the possibility that other E2 enzymes are able to mediate K63-linked polyubiquitylation, albeit at a low level. Interestingly, the ubiquitylation of paternal MOs and their subsequent allophagy were not affected in either mutant, showing that this is a UBC-13-independent process (Fig. 6E-H, insets; data not shown).
DISCUSSION
In this study, we showed that the global ubiquitylation state is dynamically regulated during early development. After fertilization, K63-linked polyubiquitylation is transiently induced, and ubiquitylated proteins accumulate extensively on endosomes. This K63-linked ubiquitylation is required for the efficient sorting of maternal membrane proteins for lysosomal degradation. These results reveal a new physiological function of K63-linked ubiquitylation during the oocyte-to-zygote transition.
The accumulation of K63-linked ubiquitin chains on endosomes is mediated by UBC-13 and UEV-1, the E2 complex that specifically controls K63-linked polyubiquitylation in mammals and yeast. CAV-1-GFP, an endocytic cargo protein, was modified with K63-linked ubiquitin in embryos in a UBC-13-dependent manner. CAV-1-GFP probably accumulates as a multiple monoubiquitylated form in ubc-13 and uev-1 mutants. The K63-linked ubiquitylation was first observed on the cell surface in late anaphase I, and the signals further accumulated on endosomes together with cargo proteins in meiosis II. These observations suggest that ubiquitylation begins at the PM level. Consistent with morphological observations, ubiquitylated CAV-1-GFP accumulated in rab-5(RNAi) embryos, suggesting that ubiquitylation occurs before proteins reach the early endosomes. Nevertheless, in ubc-13 and uev-1 mutant embryos, the internalization of membrane proteins from the PM and their subsequent accumulation on large endosomes appeared almost normal, indicating that K63-linked ubiquitylation is not necessarily essential for internalization from the PM. Instead, the sorting of membrane proteins in the MVB pathway is defective in ubc-13 and uev-1 mutants, and cargo molecules are recycled to the PM. These results suggest that K63-linked ubiquitylation is required for sorting into the ILVs rather than for endocytic internalization, which is consistent with studies of yeast Gap1p and the mammalian EGF receptor (Huang et al., 2006; Lauwers et al., 2009) . When K63-linked ubiquitylation is impaired by expression of the Ub K63R mutant, internalized Gap1p tends to recycle to the PM (Lauwers et al., 2009) . Similarly, endocytosed cargo is recycled from the endosomes to the PM in ubc-13 and uev-1 mutants. This phenotype is different from that of hgrs-1(RNAi), in which cargo membrane proteins are stacked in aberrant endosomes. Even in hgrs-1 ubc-13 double mutants, cargo proteins tend to escape endosomes and recycle to the PM. These results suggest that the ubiquitylation state of cargo proteins (K63-linked ubiquitylation or multiple monoubiquitylation) affects their fate. There may be a mechanism that recognizes and traps proteins modified with K63-linked ubiquitin on endosomes, and this mechanism might be ESCRT-0 independent. Alternatively, monoubiquitylated molecules may actively recycle from the endosomes. Many components of the endocytic machinery are also modified with ubiquitin (Haglund and Dikic, 2012) . Although endocytic proteins are monoubiquitylated in most cases, we cannot exclude the possibility that UBC-13 is involved in the ubiquitylation of the endocytic machinery as well as in the ubiquitylation of cargo.
Our results show that degradative endocytic flow is strongly induced after fertilization in C. elegans, thus promoting the exchange of cell surface proteins. In mouse embryos, lysosomal number and activity increase after fertilization (Tsukamoto et al., 2013) , indicating that this mechanism is conserved in other species. Interestingly, the ubiquitylation and endocytosis of maternal membrane proteins are tightly controlled downstream of the APC. The mechanism that links the meiotic cell cycle and UBC-13-dependent ubiquitylation will be addressed in future studies.
MATERIALS AND METHODS
General methods and strains
Methods for the handling and culturing of C. elegans were essentially the same as those described previously (Brenner, 1974) . The uev-1(ok2610) (Kramer et al., 2010) strain was obtained from the Caenorhabditis Genetic Center. A deletion allele of ubc-13(tm3546) (Kramer et al., 2010) was provided by Shohei Mitani of the Japanese National Bioresource Project for the Experimental Animal 'Nematode C. elegans'. In this mutant, a 234-bp region of the ubc-13 gene is deleted, which creates a stop codon at position C88. Because C88 is the active cysteine essential for E2 activity, the truncated form is thought to lack E2 activity. The original mutant strain was outcrossed with the N2 strain three times. Strains were grown at 20°C, except for pwIs20 and pwIs40, which were grown at 25°C.
RNAi experiments in this study used the feeding method (Kamath et al., 2003) . L4 larvae were placed on plates containing nematode growth medium (NGM) agar with 5 mM isopropyl β-D-thiogalactopyranoside and the bacterial strain HT115(DE3) carrying double-stranded RNA expression constructs. The phenotypes were scored after 24 hours or 48 hours (rab-5 and hgrs-1) or in the F1 generation (ubc-13 and uev-1). As a negative control in the RNAi experiments, an L4440 vector harboring the cDNA of human transferrin receptor was used (Sato et al., 2005) .
Plasmids and transgenic C. elegans A genomic fragment containing the coding region of chs-1 was amplified by polymerase chain reaction (PCR) and cloned into the entry vector pDONR221 using Gateway Recombination Cloning Technology (Invitrogen). ubq-2 encodes a fusion of ubiquitin and a ribosome L40 subunit. The genomic fragment of ubq-2 corresponding to the ubiquitin moiety (amino acids 1 to 76) was amplified by PCR and cloned into pDONR221. These fragments were further cloned into the destination vector pID3.01 to express an N-terminal GFP-tagged fusion protein in the oocytes (Pellettieri et al., 2003) . A cDNA fragment of rab-7 was cloned into pDONR201 (Invitrogen) and further transferred into destination vector pKS1, which expresses an N-terminal mRFP fusion under the pie-1 promoter (Sato et al., 2005) . Transgenic lines were created using the microparticle bombardment method as described previously (Praitis et al., 2001) . The transgenic lines used in this study were: dkIs241 (Lin, 2003) .
cDNAs of ubc-13 and rab-5 were subcloned into pDONR221 and further into L4440 using Gateway Recombination Cloning Technology for RNAi experiments. RNAi of uev-1 or hgrs-1 was performed using plasmids recovered from the genome-wide RNAi library (Kamath et al., 2003) .
Microscopy and immunostaining
To observe live worms expressing transgenes, worms were mounted on agarose pads with 20 mM levamisole in M9 buffer. Dissected embryos were permeabilized and fixed by a freeze-crack method (Sato and Sato, 2011) . Embryos were fixed sequentially in methanol at -20°C for 5 minutes and in acetone at -20°C for 2 minutes. Fixed embryos were then blocked with PTB (PBS containing 1% BSA, 0.1% Tween 20, 0.05% NaN 3 and 1 mM EDTA) and stained with anti-ubiquitin antibodies or an anti-RME-2 antibody (Grant and Hirsh, 1999 ). An anti-polyubiquitin (FK2) antibody was purchased from Medical and Biological Laboratories (Nagoya, Japan). Anti-polyubiquitin antibodies specific for K48 and K63 linkages (Apu2 and Apu3, respectively) were purchased from Millipore. An anti-K63-linked polyubiquitin antibody (D7A11) was purchased from Cell Signaling Technology Japan. For preabsorption, Apu2 and Apu3 antibodies were preincubated for 1 hour at room temperature with a 10-fold excess of purified K48-linked penta-ubiquitin or K63-linked tetra-ubiquitin (Boston Biochem). Confocal images were obtained using an Olympus FV1000 confocal microscope system equipped with a 60×, 1.35 NA UPlanSApo oil-objective lens (Olympus). Fluorescent signals were quantified using MetaMorph software (Molecular Devices).
Immunoblotting and immunoprecipitation
Total worm lysates were prepared from 40 adult hermaphrodites as described previously (Sato et al., 2005) and assessed by immunoblotting using a goat anti-GFP polyclonal antibody (Fitzgerald Industries International) or an anti-actin antibody (C4; Millipore). Embryos were collected from gravid adult worms by a bleaching method (Stiernagle, 1999) , and embryos washed with M9 buffer were resuspended in a small amount of M9 buffer. An equal amount of 2× lysis buffer [125 mM TrisHCl, pH 6.8, 6% SDS, 20% glycerol, 2 mM phenylmethylsulfonyl fluoride (PMSF)] was added to each embryo suspension. The suspensions were immediately frozen at −20°C and then incubated at 60°C for 25 minutes. Lysates were cleared by centrifugation at 16,200 g for 10 minutes. The embryonic lysates (70 μg) were diluted with 30 volumes of IP buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1 mM PMSF) and incubated with a goat anti-GFP polyclonal antibody (Fitzgerald Industries) at 4°C overnight and then incubated with protein-GSepharose (Sigma-Aldrich) for 4 hour at 4°C. Beads were washed with IP buffer five times, and IP buffer without Triton X-100 once. Precipitates were eluted with Laemmli sampling buffer and immunoblotted using an antiubiquitin (P4D1; Santa Cruz Biotechnology), anti-K63-linked ubiquitin (Apu3), anti-K48-linked ubiquitin (Apu2) or anti-GFP polyclonal (Medical and Biological Laboratories) antibody.
